Crassulacean acid metabolism (CAM) is a specialized type of photosynthesis: stomata close 25 during the day, enhancing water conservation, and open at night, allowing CO 2 uptake. 26
INTRODUCTION
7.0), using a pH meter. Leaf titratable acidities were expressed as μmol H + g −1 fresh weight. 139 140
Net CO 2 Exchange 141
Gas exchange measurements were performed at day 5, day 6 and day 7 of salt treatment. Net 142 CO 2 uptake was measured using a LI-6800 system (LI-COR Inc., Lincoln, NE, USA), and 143 parameters were calculated using the manufacturer software. Conditions for measuring net CO 2 144 uptake, stomatal conductance, and transpiration rates were: photon flux density 200 µmol m -2 s -1 , 145 chamber temperature 18°C/night and 26°C/day, flow rate 500 µmol s -1 , relative humidity 50%, 146 and 400 ppm CO 2 reference. The chamber covered approximately 7 cm 2 area of the ice plant leaf 147 to measure net gas exchange. For each time point at least five plants were used. Rates of net CO 2 148 uptake, stomatal conductance, and transpiration were retrieved from the LI-6800 data. 149 150
Stomatal aperture assay 151
The epidermis of control and salt-treated plant leaves were removed using 10 cm wide tape at 4 152 am and 4 pm, during the CAM transition process. After peeling, minor contamination from 153 adhering mesophyll cells was removed by scratching the epidermis using a scalpel blade, and 154 clean peels were directly used for imaging stomatal apertures. For stomatal aperture 155 measurement, 60 -80 stomata were randomly selected, and the sample identity was blinded 156 during the measurement. Stomatal length and width were measured as described (Savvides et al.
genes using quantitative real-time PCR (Table S1 ). Total RNA was isolated from leaf tissue 162 using a CTAB method (Doyle & Doyle, 1987) , and the quality and quantity were analyzed using 163 a NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, San Jose, CA, USA). Five 164 micrograms of total RNA were treated with RNase-free DNase I (New England Biolabs, Ipswich, 165 MA, USA) to remove genomic DNA. cDNA was synthesized using a ProtoScript 
PEPC enzyme activity 180
For PEPC enzyme activity assays, 50 mg frozen leaf tissue was ground in liquid nitrogen to a 181 fine powder, and extracted with 0.5 ml enzyme extraction buffer (200 mM HEPES-NaOH (pH 182 7.0), 5 mM dithiothreitol (DTT), 10 mM MgCl 2 and 2% (w/v) PVP-40). The homogenized9 9 mixture was then centrifuged at 14,000 rpm, 4 o C for 20 minutes and the supernatant was retained. 184
To measure the activity of PEPC, 50 µl supernatant, 150 µl extraction buffer and 2.8 ml assay 185 solution (100 mM HEPES-NaOH (pH 8.0), 5 mM DTT, 5 mM MgCl 2 , 10 mM NaHCO 3 , 2.5 186 mM phosphoenolpyruvete (PEP), 0.2 mM NADH and 0.0034 units/µl malate dehydrogenase 187 (MDH)) were used. Absorbance at 340 nm was recorded for at least 5 min. PEPC enzyme 188 activity was calculated as described previously (Chu et al. 1990) . Prospect, Illinois, USA) in 55% basic solution on a reciprocal shaker for 30 min at room 202 temperature. Digested peels were washed three times with basic solution and quickly blotted dry 203 on a filter paper, then immediately frozen in liquid nitrogen and stored at −80°C until RNA 204 extraction. For each time point, three independent biological replicates were collected using three 205 different sets of 120 plants. Total RNA was isolated using a CTAB method (Doyle & Doyle, 206 1987 were accessed from multiple sources, it was not known which transcripts were identical, or 222 alternatively spliced isoforms, due to lack of a reference ice plant genome. To address the 223 redundancy of the sequences in the reference and to collapse putative isoforms into a single The difference between treated and control plants became statistically significant on day 7, after 256 which titratable acidity steadily increased ( Figure 1A) . It was noteworthy that there were no 257 visible morphological differences between the control and salt-treated plants at day 7 ( Figure 1B) . 258
Based on the nocturnal acid accumulation, we inferred that the C 3 to CAM transition occurred 259 between days 5 to 7 of salt treatment; thus, we collected samples from day 5 (no transition), day 260 6 and day 7 plants for follow-up analyses. 261 262 3.1.2. Net CO 2 exchange and stomatal movement 263
At day 5, control and salt-treated plants showed no difference in gas exchange parameters. 264
However, day 6 salt-treated plants showed increased net CO 2 uptake in the night and much lower 265 net CO 2 uptake during the day, compared to control plants ( Figure 2A ). Salt-treated plants from 266 day 7 showed decreased net CO 2 uptake during the day and positive net CO 2 uptake in the night, 267 significantly different from control plants (Figure 2A) . 268
269
To further confirm the C 3 to CAM transition time-points, stomatal aperture was measured in the 270 control and salt-treated plants during the night (at 4 am) and the day (at 4 pm). These two time-271 points were chosen based on the result of net CO 2 exchange ( Figure 2A ). As shown in Figure 2B , 272 the control plants showed C3-type stomatal movement, i.e., they closed stomata during the night 273 and opened stomata during the day. In contrast, the salt-treated plants showed an inversion in 274 stomatal movement, starting on day 5. Stomatal aperture of the salt-treated plants increasedconsistently during the nights of day 6 and day 7 ( Figure 2B ). The gas exchange and stomatal 276 movement results also support that the C 3 to CAM transition of M. crystallinum occurs between 277 day 5 to day 7 of the salt treatment. 278 showed similar expression patterns as the above six genes at day 7 in the salt-treated plants 302 (Table S2) suggesting different changes took place in the course of the early stages of transition from C 3 to 341 CAM. When the DE genes from day and night samples were compared, only about 10% of the 342 DE genes were shared ( Figure 5B ). A small number of genes showed opposite change patternsprotease showed high expression in control samples collected at night in day 5. At days 6 and 7, 345 its expression levels started to decrease in control night and significantly increase in the day of 346 salt-treated samples (Table S3) Table 2) . Among these seven genes, only PPCK1 and 361 AMYB5 were not found in previous guard cell studies (Table 2) . PPCK1, PEPC1, as well as 362
another PEPC family gene, were up-regulated in our day 7 night samples, similar to the real-time 363 PCR result on leaf tissue (Figure 3) . The up-regulation of PGM, CAH2, FBA2 and AMYB5 in 364 guard cells (Table 2) Contig18172 and Contig9771) were identified in previous studies as responsive to salt or water 379 deprivation stress in leaves or shoots (Table S4) In this study, the C 3 to CAM transition was induced by 500 mM salt treatment, and the transition 399 time points were supported by several physiological parameters and molecular marker 400 expression profiles (Figures 1-3) . Furthermore, the cell-type specific transcriptome of guard cells 401 was characterized during the C 3 to CAM transition (Figures 4-6 that the full transition of photosynthesis to CAM is slow (another 2-4 weeks) (Figures 1, 2) . 409 Therefore, to determine the mechanisms underlying the C 3 to CAM transition, we cannot rely on 410 the analysis of one-time point. For the transcriptomic analysis of guard cells, we targeted six-411 time points from day 5 to day 7 of salt treatment. (Table 1) . Both up-and down-regulated 427 transcripts were enriched in "response to stress" and "cellular carbohydrate metabolic process", 428 suggesting a subset of genes involved in the two biological processes was employed in the 429 course of transition. Key CAM molecular marker genes such as PPCK1, PEPC1 and GTF1, as 430 well as another PEPC family gene were up-regulated in the night 7 samples ( Table 2, Table S4) . 431
This new observation suggests that guard cells switch from C 3 to CAM; the timing of the 432 differential expression in guard cells is also consistent with our physiological determination of 433 the C 3 to CAM transition time points (Figures 1-3) . Another four CAM-related genes were also 434 identified: PGM, CAH2, FBA2 and AMYB5. Except for PGM, the other three genes showed Please refer to Table S4 for detailed information of the DEGs. Table S1 . List of primers used in this study. Table S2 . Expression analysis of CAM-related, circadian-related and guard cell signaling related genes in leaf samples using real-time RT-PCR. 
